The effects of FFA on hepatic insulin clearance were studied in the in situ perfused rat liver. Clearance decreased with increasing body weight (age) of the rats. When FFA were added to the perfusate a 40% reduction of hepatic removal of insulin was found over the normal, physiological range (< 1,000 ,umol/ liter), less pronounced in heavier rats. When perfusion was started with high concentrations of FFA, inhibition was rapidly reversible, a phenomen again blunted in heavier rats. In contrast to FFA, different glucose concentrations in the perfusate did not affect the hepatic insulin uptake in the presence of FFA within physiological concentrations.
Introduction
It is well established that close associations exist between hyperinsulinemia, peripheral insulin resistance, and perturbed carbohydrate metabolism. Hyperinsulinemia occupies a central position since elevated insulin levels have been shown in direct in vitro experiments to induce insulin resistance in a variety of cells (1) . In nonobese subjects the effects of intravenously administered glucose on hepatic insulin clearance has been reported to be dependent on the duration of the stimulus as well as on insulin concentrations (2) . Hyperglycemic clamp studies have demonstrated that the insulin clearance is reduced at high insulin levels in response to glucose infusion, indicating that a possible reduction in hepatic insulin clearance is due to the hyperinsulinemia per se rather than the increased glucose levels, whereas the hepatic clearance is unchanged by glucose infusion at low insulin concentrations (3) . This has also been demonstrated during steady-state hyperglycemia and physiologic hyperinsulinemia (4) . In obese individuals, a reduction in hepatic insulin extraction under basal conditions has been reported to be present when plasma insulin levels are high (5) . The hyperinsulinemia in obese subjects is known to be due to an increased pancreatic insulin secretion, both in the basal state and after glucose stimulation; and there is a significant relationship between basal and glucose-stimulated pancreatic insulin secretion and adiposity, as estimated by percentage body fat or body mass index (3, 6) .
The distribution ofthe adipose mass seems to influence the hepatic insulin clearance in the obese state. In obese women there is a significant negative correlation between the abdominal fat mass, as measured by the waist-to-hip girth ratio, and the hepatic insulin clearance, both in the basal and the glucosestimulated state. This reduction in hepatic removal of insulin from the portal vein in abdominally, as compared to gluteofemoral obese women, exists despite the similarity in portal insulin concentrations in both groups studied (6) .
The observation that the hepatic extraction of insulin may vary between different patient groups might be of importance for the development of a reduced carbohydrate tolerance. An attenuated clearance can lead to elevated peripheral insulin levels which may cause insulin resistance as discussed above.
Elevated FFA levels are seen in both diabetes and obesity (7) due to an increased lipolysis (8, 9) . The FFA levels may be even higher in the portal than in the peripheral blood because omental and mesenteric fat cells have an increased response to normal lipolytic hormones (10, I 1) and their venous blood is drained by the portal vein.
Insulin extraction is a receptor-mediated event (12) (13) (14) , and may also be related to the metabolic effect ofinsulin in the liver (13) . We recently reported that fatty acids in physiological concentrations inhibit insulin binding, degradation, and function in isolated rat hepatocytes (15) , apparently dependent on the oxidation of the fatty acids (15, 16) .
In the present work we examined the effects of fatty acids on hepatic insulin clearance in the integrated system of the in situ perfused rat liver. The results show that FFA in the physiological concentration range inhibit insulin uptake by the liver. These results have been presented in preliminary form (17) .
Methods
Male Sprague-Dawley rats were kept at constant humidity and temperature (21-230C) and with 12 h light. They had free access to water and commercial rat pellets (Ewos, Sodertglje, Sweden) containing by weight 5% fat, 55% carbohydrates, and 22.5% protein with sufficient minerals and vitamins.
Liver perfusion system. After an overnight fast, the rats were anesthetized by the injection of pentobarbital (50 mg/kg body wt i.p.). A cannula was inserted into the portal vein for the perfusion, and the perfusate was collected in the superior vena cava. The liver was kept in situ throughout the perfusion (18, 19) . The perfusion medium consisted of Krebs-Ringer-bicarbonate (KRb) containing 3% BSA (Behringwerke, Marburg, Germany) or essentially fatty acid free albumin (A 6003; Sigma Chemical Co., St. Louis, MO), 5 mM glucose ifnot stated otherwise, and erythrocytes from outdated donor blood (4-6 wk old) with the hematocrite adjusted to 20%. The human blood was washed three times with an equal volume of0.9% NaCi and finally with KRb. pH was adjusted to 7.4 with I N NaOH before the perfusion. Porcine insulin (crystalline, glucagon-free, Eli Lilly Co., Indianapolis, IN) was added at concentrations given for each experiment. Oleic acid (Sigma Chemical Co.) was used as sodium salt and complexed to albumin to give the indicated FFA concentrations in the perfusion medium.
The perfusion system was kept at an environmental temperature of 380C. The perfusion medium was pumped at a constant rate (2.0 ml/ min per g of wet liver) from the reservoir (40 ml) to the lung in a recycling system. The lung consisted of 5 m silastic tubing of 1.47 mm inner diameter and 0.25 mm wall thickness (Dow Coming Corp., Midland, MI) coiled in a jar as described by Hamilton et al. (20) . The gas mixture was 99% 02 and 1% C02 which passed the container at a flow rate of 1 liter/min. After passing the pump again the perfusion fluid entered the portal vein through a needle and was collected in the upper vena cava from a tube, placed 15 cm below the liver to avoid swelling. Before addition of insulin to the medium the livers were perfused for 30 min to achieve a constant oxygen uptake. After addition of insulin, 5 min were allowed for equilibration, and thereafter insulin disappearance from the medium was measured, by taking samples every 5 min from the outflow over a period of 25 min. The volume taken was replaced at the end of each perfusion period. Different fatty acid concentrations were obtained by changing perfusion medium.
Functioning livers maintained their even reddish color throughout the entire perfusion period of 2 h. With blotchy appearance of the surface the perfusion pressure also increased and such livers were discarded. In the livers used there was no swelling and the average wet weight/dry weight ratio was 3.0 (range, 2.9-3.2). The perfusion pressure in the portal vein was monitored and ranged from 3 to 15 cm H20. Leakage of potassium into the medium was not detectable. Aspartate aminotransferase (ASAT) and alanine aminotransferase (ALAT) activities rose slightly in the perfusate (from 0.20 and 0.13 to 0.27 and 0. 17 ,qkat/liter, respectively, n = 7), Po2 and Pco2 remained essentially constant throughout the perfusion period and was 421 and 52 mmHg in the inflow, and 57 and 65 mmHg in the outflow from the liver, respectively (mean values of eight measurements). This resulted in a mean hepatic O2 consumption of 4.2 umol/g per min.
Changes in the insulin concentration were calculated in relation to the 5 min value of insulin concentration. The decay curves followed first order kinetics. Hepatic clearance of insulin was calculated as described before (18, 19) on a table computer using linear regression analysis by the method of least squares. Curves with correlation coefficients below 0.95 were rejected. This occurred in < 5% of the experiments. The hepatic clearance of insulin was calculated from the formula (K = 2.3/t) log (Ca/Cf); where K = milliliters perfusion medium cleared of insulin per min, C. and Cf represent the concentration of insulin at the beginning and at the end of the time interval At, respectively. Values shown are the means±SEM.
Chemical analyses. Glucose was determined enzymatically (GLOX, KABI, Stockholm, Sweden), potassium by flame photometry, ASAT and ALAT by routine clinical methods, and 02 and CO2 by selective electrodes (Automated 02-CO2 analyzer, ABL 2, Radiometer, Copenhagen, Denmark). Free fatty acid concentrations were determined according to Dole (21) , and insulin by a solid-phase radioimmunoassay (Phadebas; Pharmacia Fine Chemicals, Uppsala, Sweden).
Liver perfusion experiments. Experiments were first performed to evaluate the reproducibility of the insulin uptake during repeated perfusions of the same liver. The livers were first perfused for 15 min to achieve a constant oxygen uptake. Thereafter, insulin and glucose were added to the reservoir to give concentrations of -90 uU/ml (n = 6) or 240 ,U/ml (n = 4) insulin in the perfusion medium and 5 mmol/liter glucose. No FFA were added and remained constant at 280 umol/liter throughout the perfusion. This procedure was repeated up to a total of three times with the same livers.
Effect of the glucose concentration. These experiments were performed to evaluate the importance ofthe glucose concentration for the insulin uptake. After 15 min "basal" perfusion each liver was perfused for 30 min with each of three different glucose concentrations: 5, 10, and 20 mmol/liter. In half of the experiments, the lowest glucose concentration was used first followed by the higher concentrations, while in the other experiments, the reverse sequence was followed. The FFA concentration was kept constant (550 jsmol/liter) throughout the entire perfusion period by using a perfusion pump delivering sodium oleate at a predetermined flow rate. Before each perfusion period, insulin was added to a concentration of 300 MU/ml in the reservoir (n = 7 experiments).
Effect ofthe FFA concentration. These experiments were performed to evaluate the influence of the medium FFA on the insulin uptake. After 
Results
Reproducibility of the insulin clearance measurements. As shown in Fig. 1 the hepatic clearance of insulin at a perfusate concentration of 90 ,uU/ml was linear on a semilog scale. The clearance (expressed as percent ofinitial insulin concentration) was -60-70% after 10 min, and 10-20% after 30 min of perfusion. These experiments also demonstrate that there were no differences in insulin clearance between the repeated perfusions and conditions when the insulin, glucose, and FFA concentrations were unchanged. The same reproducibility was obtained in experiments with 240 ,U/ml of insulin in the perfusion medium (not shown).
Effect ofglucose on insulin clearance. As shown in Fig. 2 , changing the glucose concentrations in the perfusion medium from 5 to 10 and 20 mmol/liter did not influence on the insulin removal by the liver. The insulin clearance was also independent ofwhether the perfusion was started with the lowest or the highest glucose concentration (not shown).
Effect ofrat weight (age) on insulin clearance. these determinations were performed in the first perfusion of the livers of these rats. The heaviest rats showed lower hepatic clearance of insulin than the other groups. These results are expressed per whole liver to remove any effect of liver size on clearance. If, however, the results are expressed per gram liver, the same difference is obtained (not shown). Effect ofFFA on insulin clearance. Fig. 4 a shows that insulin clearance was inhibited with increasing FFA concentrations in the perfusate (highest vs. lowest concentrations, P < 0.01 in both experiments). ance when the same FFA concentration was used in the first perfusion (Fig. 4 a) .
In experiment 2 very high concentrations of FFA (2, 250 umol/liter) also inhibited clearance (P < 0.01, comparison with the same groups ofrats at 350 ,umol/liter FFA concentration in Fig. 4 a) . During the two following perfusions with 1,000 and 350 Mmol/liter FFA concentration, this inhibition remained.
These rats were, however, heavier (older) than those in experiment 1. When another group of heavy (old) rats were first perfused with FFA concentrations comparable to those in experiment 1, their low clearance remained at two subsequent perfusions with low FFA concentrations (230 and 190 Mmol/liter, respectively) (experiment 3). The FFA concentration in the portal vein ofthe animals in experiment 1 (310 g) with intact circulation was 340±20 umol (n = 6).
Discussion
The in situ perfused rat liver was used to test the influence of different glucose and FFA concentrations on the hepatic insulin clearance. As previously reported (12, 18, 19) this preparation functions well both in terms of organ integrity and gas exchange over the time period used in the experiments. Insulin clearance by the liver is an exponential function and is dependent on the concentration as also previously reported (18, 19 increasing weight (age) of the rats. Animals of 200 and 310 g average weight showed approximately the same clearance, which then apparently started to decrease at higher weights (ages), significant at a body weight of 540 g (Fig. 3) .
Increasing the FFA concentration of the perfusate markedly reduced the hepatic insulin clearance. This seemed to be most pronounced in the physiological range of portal FFA (300-500 ,mol/liter) (25) , and amounted to -40% (experiment 1). It was not possible to design an experiment where perfusate FFA concentrations were kept close to zero, because with FFA-free albumin there was a continuous production of FFA in the system. These FFA were probably derived from the liver, because control experiments showed no increase of FFA concentrations in the perfusate without the liver. It seems likely from the results with a steep inhibition ofhepatic insulin clearance from -250 to 700 Amol/liter (Fig. 4 a) that hepatic clearance had been higher with FFA concentrations in the perfusate lower than 250 Mmol/liter. Therefore, the inhibitory effects of FFA on hepatic insulin clearance may well be more pronounced than possible to demonstrate in the present work.
A comparison ofexperiments I and 2 in Fig. 4 a shows that the inhibition of clearance was much more pronounced in experiment I in the FFA range 240 to 712 Mmol/liter than in experiment 2 in the range of 350 to 1,000 .mol/liter. Although the absolute FFA concentrations are somewhat higher in experiment 2, the increase in FFA concentrations between the both perfusions are somewhat larger in experiment 2 than in 1 (650 vs. 472 ,mol/liter). In spite of this the decrease in insulin clearance was only 0.02 in experiment 2 in comparison with 0.14 in experiment 1. This difference might well be due to the heavier (older) rats in experiment 2 than in 1, suggesting that the decrement of insulin clearance by FFA is less pronounced in the livers of heavier (older) rats, which have a lower capacity for insulin clearance at low FFA concentrations (Figs. 3 and  4 a) .
When perfusions were started with higher FFA concentrations, followed by lower concentrations (Fig. 4 b) the inhibition was released in experiment 1, but remained in experiment 2. There are two differences in these studies, the FFA concentrations in the first perfusion were much higher, and the rats heavier (older) in experiment 2. To distinguish potential effects of both these factors, we performed experiment 3 again with heavy (old) rats, but now with FFA concentrations comparable to those ofexperiment 1. The inhibition then remained in spite of two subsequent perfusion periods with essentially fatty acidfree albumin. These results indicate that body weight (age) is a limiting factor for the release of the FFA inhibition of insulin clearance. Whether FFA at very high concentrations had effects in younger (lighter) rats could not be detected because of technical difficulties with the perfusion of livers of small rats with very high FFA concentrations.
In summary, these results show that body weight (age) of the rats not only decreases the capacity, but probably also the sensitivity to, and release of, FFA inhibition of hepatic insulin clearance. This is most probably due to obesity and not to increased age, because it has been possible to restore the insulin binding capacity of isolated hepatocytes from older obese rats to normal levels by fasting the animals (26) .
In recent studies we found that fatty acids, in the concentration range inhibiting insulin clearance in the present work, decreased insulin binding, degradation, and function in isolated rat hepatocytes (15) , while the number and function of the isolated, solubilized insulin receptors were intact (unpublished observation). The inhibitory effect was counteracted by prevention offatty acid oxidation by a carnitine-acylCoA transferase inhibitor (16) . It seems likely that the inhibitory effect of FFA on hepatic insulin clearance shown in the present work, is explained by these mechanisms, viz., that insulin binding is diminished by fatty acids, and their subsequent oxidation, presumably an effect of insulin receptor internalization/recycling, in agreement with an independent recent report (27) . Moreover, we have also found that treating obese (aged) rats with a carnitine-acylCoA transferase inhibitor improves the low insulin binding capacity of the isolated hepatocytes (unpublished observation), again speaking in favor ofthe importance ofFFA oxidation for the reduced hepatic insulin clearance in the obese state.
The immediate metabolic fate of FFA taken up by the liver is mainly a synthesis to triglycerides. From this pool oftriglycerides other metabolic steps follow, including fatty acid oxidation (28) . Moderately obese rats show a decreased hepatic insulin clearance in proportion to hepatic triglyceride contents, suggesting an inhibitory action of hepatic triglycerides (25 eride pool in the more obese rats would then be expected to have a smaller absolute further effect on blunting insulin clearance, in analogy with the findings in the present work. In addition, the recovery of hepatic insulin clearance after an additional expansion of the hepatic triglyceride pool of obese rats would be expected to be diminished or delayed, which was also observed. The blunted hepatic insulin clearance as well as the effects of FFA on this process in heavier and older rats were thus probably, at least partly, an effect of their relative obesity. This conclusion is supported by recent results showing that inhibition ofhepatic fatty acid oxidation in obese rats improves their low hepatic insulin clearance (unpublished observations).
The results ofthe present work have shown that physiological concentrations of FFA in the portal vein regulate hepatic insulin clearance, in excellent agreement with the observations utilizing isolated hepatocytes. This is a novel observation with potential importance for regulation of hepatic metabolism in the transition between the absorptive and postabsorptive phases. It is already known that gluconeogenesis is dependent on hepatic fatty acid oxidation (for review, see reference 29). The parallel regulation of hepatic insulin uptake seems to be a meaningful mechanism to remove insulin from inhibitory action on hepatic gluconeogenesis.
The applicability of the findings in isolated hepatocytes (15) (16) (17) 27) and in the perfused liver, reported here, to the situation in vivo must, however, still be regarded with caution, because no direct data are available to address this problem. Although several reports have suggested a decrease of hepatic insulin clearance in obesity in animals (30) and man (31) (32) (33) particularly when localized to abdominal regions (6) , the methods used in these reports have not always been adequate (34) . Furthermore, although increased portal FFA concentrations may have been elevated in these studies, there was probably also a marked portal hyperinsulinemia, which by itself may have influenced on hepatic insulin removal (3) (4) (5) .
Other potentially confounding factors may be gut factors (35) , not included under the experimental conditions employed in the present work. Furthermore, species differences might occur. Before conclusions can be drawn safely about the effects of portal FFA on hepatic insulin clearance in man in vivo in normal and pathological states, direct experimental tests are needed. Such studies seem of considerable interest because of the potential possibility that lipolytically active intraabdominal adipose tissues (10, 11) may regulate hepatic insulin clearance, particularly in visceral obesity with its marked peripheral hyperinsulinemia (33) .
